Surface Termination-Dependent Nanotribological Properties of Single-Crystal MAPbBr3 Surfaces by Joong Il Jake Choi et al.
Surface Termination-Dependent Nanotribological
Properties of Single-Crystal MAPbBr3 Surfaces
Author Joong Il Jake Choi, Muhammad Ejaz Khan, Zafer
Hawash, Hyunhwa Lee, Luis K. Ono, Yabing Qi,
Yong-Hoon Kim, Jeong Young Park
journal or
publication title





Publisher American Chemical Society
Rights (C) 2019 American Chemical Society
This document is the Accepted Manuscript
version of a Published Work that appeared in
final form in The Journal of Physical
Chemistry C, copyright (C) American Chemical
Society after peer review and technical
editing by the publisher. To access the final







Surface Termination-Dependent Nanotribological 
Properties of Single-Crystal MAPbBr3 Surfaces  
Joong Il Jake Choi,†,‡ Muhammad Ejaz Khan,§,⊥, ‡, ¶ Zafer Hawash,ǁ Hyunhwa Lee,†,⊥,# Luis 
K. Ono,ǁ Yabing Qi,*,ǁ Yong-Hoon Kim*,§,⊥ and Jeong Young Park*,†,⊥,# 
† Center for Nanomaterials and Chemical Reactions, Institute for Basic Science (IBS), 
Daejeon 34141, Republic of Korea. 
§School of Electrical Engineering, ⊥Graduate School of Energy, Environment, Water, and 
Sustainability, #Department of Chemistry, Advanced Institute of Science and Technology 
(KAIST), Daejeon 34141, Republic of Korea. 
ǁEnergy Materials and Surface Sciences Unit (EMSSU), Okinawa Institute of Science and 
Technology Graduate University (OIST), 1919-1 Tancha, Onna-son, Kunigami-gun, 
Okinawa 904-0495, Japan. 
 
¶Present address:  School of Engineering Technology, National University of Technology, IJP 
Road, Sector I-12, Islamabad 42000, Pakistan 





Atomistic characterization of surface termination and the corresponding mechanical properties 
of single-crystal methylammonium lead tribromide (MAPbBr3) are performed using combined 
atomic force microscopy (AFM) measurements and density functional theory (DFT) 
calculations. A clean MAPbBr3 surface is obtained by in situ cleavage in ultra-high vacuum at 
room temperature, and the subsequent AFM measurements of the as-cleaved MAPbBr3 exhibit 
the coexistence of two different surface terrace types with step height differences 
corresponding to about half the thickness of a PbI6 octahedron layer. Concurrent friction force 
microscopy measurements show that the two surfaces result in two distinct friction values. 
Based on DFT calculations, we attribute the higher-friction and lower-friction surfaces to 
MABr-terminated flat and PbBr2-terminated vacant surface terminations, respectively. The 
calculated electronic band structures of the various MABr- and PbBr2-terminated surfaces 
show that the mid-gap states are absent, revealing the defect-tolerant nature of the ideal single-






Methylammonium lead halides (CH3NH3PbX3 or MAPbX3, X = Cl, Br, I) exhibit 
unique properties, including long carrier diffusion length,1,2 low charge recombination rates,3–
5 shallow defect states,6 and high absorption coefficients for visible light. Due to such beneficial 
properties, hybrid perovskites find potential applications in photovoltaic cells (PSCs), light 
emitting diodes, and other optoelectronic device applications, with excellent device 
performance demonstrated at laboratory scale.7–13 Despite its significance in various 
applications, most of the studies into the properties of hybrid perovskites are conducted at 
device scale with a limited number of atomic-scale analyses. Consequently, the current 
understanding of the atomistic origins of the stability and degradation of perovskites mostly 
relies on theoretical studies with limited experimental evidence.14–18 Experimental 
investigation of the origins of the exceptional properties of hybrid perovskites at atomic scale 
would therefore provide valuable information for further development and precise design of 
highly efficient PSCs and other hybrid perovskite-based optoelectronic devices.  
Investigation of the surface or the interface of highly-ordered model systems at atomic 
scale (e.g., studying single crystals in ultra-high vacuum (UHV)) is a key strategy for 
understanding the atomistic origin of the physical, chemical, and electronic properties of 
various materials.19–21 Recently, scanning probe microscopy has been used to explore the  
physical properties of the hybrid perovskites.22,23 However, although it would be a powerful 
technique that could provide information about local inhomogeneity and nanomechanical 
properties,24 friction force microscopy study of hybrid perovskites has not been reported in the 
literature so far. In this paper, we report a combined atomic force microscopy (AFM)–density 
functional theory (DFT) investigation of in situ cleaved MAPbBr3 single crystal in UHV.  
Herein, we identify inhomogeneities in MAPbBr3 surface terminations that appear as 
nanotribological and topographical variations by carrying out AFM experiments. We 
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particularly identify two distinct friction features and assign the high- and low-friction surface 
compositions as the MABr-terminated flat and PbBr2-termined vacant surfaces, respectively. 
The mechanisms of the friction variations depending on the surface terminations and the 
corresponding surface electronic structures are clarified through DFT calculations. Clarifying 
the ideal initial surface conditions after the cleavage, we expect this work will pave the way 
for further atomic-scale studies of hybrid perovskites. 
 
METHODS 
Sample Fabrication and Preparation: A 1M solution of PbBr2 (Sigma Aldrich, 98%) and 
MABr (Dyesol Ltd.) was prepared in dimethylformamide (DMF) at room temperature 
(24 °C) under ambient conditions. The precursors were dissolved, aided by ultra-sonication, 
for 30 min. After the precursors were completely dissolved, the solution was transferred to 5 
ml vials of clear glass using a 0.22 µm pore size PTFE filter (2.5 ml of solution in each vial). 
Subsequently, the vials were placed in an oil bath at room temperature. The oil temperature 
was then increased slowly to reach 90 °C within 1 hour. After about 6 hours, seed crystals 
were observed to grow (often only 1 seed per vial was observed). For further crystal growth, 
the temperature was increased to 100 °C. The crystals were transferred to a new MAPbBr3 
solution to achieve even larger crystals.25 A single-crystal MAPbBr3 sample was cleaved in 
the load-lock of a UHV chamber (base pressure ≈ 10−8 Torr), similar to the method used by 
Ohmann et al.22 After cleavage, the sample was immediately transferred to the AFM chamber 
(base pressure ≈ 10−10 Torr).  
Atomic Force Microscopy: Topography, friction, and conductance were obtained from 
contact-mode AFM (RHK UHV Beetle AFM/STM) measurements using a TiN-coated Si 
cantilever (CSG01, NT-MDT, typical force constant: ! = 0.03 N/m).26–28 The radius of the 
tips was ≈ 10 nm, as specified by the manufacturer. For all the AFM images, the load at the 
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tip was virtually zero (i.e., the effective load was similar to the adhesion force between the tip 
and the sample, which is ≈ 3 nN). Since the image features and quality did not change over 
several repeated scans, we assume no damage occurred at the surface with this load. 
Computational Details and Model Structures: DFT calculations were performed29 as 
implemented in the Vienna Ab-initio Simulation Package30,31 within the generalized gradient 
approximation of Perdew–Burke–Erzenhof revised for solids (PBEsol).32 To crosscheck the 
reliability of  the results, we performed additional calculations that include the effects of 
weak van der Waals interactions within the DFT-D3 method.33 The core and valence 
electrons were handled by the projector augmented wave method.34,35 Plane-waves were 
expanded with a kinetic energy cutoff of 400 eV to obtain basis sets. A self-consistency cycle 
energy criterion of 10−4 eV was adopted. Atomic structures were optimized using the 
conjugate-gradient approach until the Hellmann–Feynman forces were less than 0.025 eV/Å. 
We prepared various surface termination models for DFT calculations by considering 
a 2 ~ 4 nm thick MAPbBr3 slab. A vacuum space of more than 15 Å was inserted 
perpendicular to the direction of the slab surface to avoid interactions with neighboring 
images in the periodic boundary condition setup. Experimentally, the MAPbBr3 perovskite 
has a cubic structure (pm3m) at room temperature with a lattice parameter of 5.90 Å.36 The 
optimized lattice parameters used in our PBEsol and DFT-D3 calculations were comparable 
to the experimental values for bulk and slab structures (Supplementary Table S1). In the 
lateral directions, we considered a 2 × 2 MAPbBr3 (001) supercell with 4 ~ 6 PbI6 octahedron 
layers in the vertical direction, where the topmost layer could be a half-octahedra in some 
surface terminations. A 5 × 5 × 1 k-point mesh was sampled in the Brillouin zone. To 
calculate the surface formation energies with more precise information determining the 
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surface stability, we used symmetric terminations at both sides of the slabs to avoid the 
possibility of an artificial net dipole moment in the supercell.  
The stability of various surface terminations were determined by calculating their 
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where EB and ES are the DFT total energies of the relaxed MAPbBr3 bulk and slab structural 
forms, respectively, NB and NS are the number of atoms in the bulk unit cell and slab supercell 
models, respectively, and AS is the surface area of the slab.  
We used bilayer tungsten (W) slab as a tip model placed about 0.34 nm above the 
surface to find the trend of the atomic-level lateral friction forces upon variations in the surface 
terminations (Fig. 3(b)).  The W slab has a body centered cubic structure and we obtained a 
lattice constant of 2.86 Å optimized for the slab unit cell. In the force calculation setup, we 
used a 4 × 4 W supercell that has a small (< 3 %) lattice mismatch with 2 × 2 MAPbBr3. The 
MAPbBr3 lattice parameters were used for surface–tip geometry optimization. We fixed the 
top W layer and the bottom two layers of the MAPbBr3 slab during geometry relaxation for the 
friction force calculations.  
The lateral forces were computed based on the differences between the DFT total 
energies of the optimized crystal structures when the tip was placed at the initial and final 
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where Ei and Ef are the DFT total energies of the relaxed MAPbBr3 tip-slab structures with the 
tip at the di initial and df final positions, respectively. Equation (2) indicates that the 
energetically favorable sliding path on a particular surface termination leads to a small lateral 
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force fL. Moreover, to compute the lateral forces, we scanned the surfaces by sliding the W-tip 
to a distance of about 25% of the lattice parameters along both paths I and II. More 
computational details can be found elsewhere.23,29   
 
RESULTS AND DISCUSSION 
 
Figure 1. Contact-mode (a) topography and (b) lateral force AFM images of freshly cleaved 
single-crystal MAPbBr3 showing large homogeneous terraces with distinctively different 
frictions. (c) Height (bottom) and lateral force (top) line profiles obtained from (a) and (b), as 
indicated by the red and blue lines, respectively. (d, e) Schematic illustrations of possible 
atomic step configurations explaining the lower layer height (4.1± 0.4 Å) observed in the AFM 
topography.  
Contact-mode AFM topography and lateral force images of the in situ cleaved 
MAPbBr3 surface are shown in Figures 1(a) and 1(b), respectively. AFM measurements of the 
as-cleaved surfaces show the coexistence of two types of surface domains, one of which 
exhibits full atomic layer heights of the cubic perovskite structure of MAPbBr3 (i.e. ≈ 6 Å)36, 
while the other shows lower heights (≈ 4 Å). In the majority of the area, we observe flat terraces 
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topography image (Figure 1(a)) and in the height profile (Figure 1(c)). Such domains show 
constant friction over several monolayer steps (see Figures 1(a) and (b), left area). On the other 
hand, the domain on the right side of Figure 1(b) exhibits a distinctively lower friction value. 
The corresponding lateral force line profiles are shown in Figure 1(c). We find the low-friction 
domain exhibits a notably lower step height compared with the cubic perovskite structure; the 
average height is 4.1 ± 0.4 Å. The distinct friction and step height clearly indicate different 
surface atomic structures for the two distinctive surface domains. Figures 1(d) and (e) show 
schematics of possible domain configurations for the two distinctive step heights observed in 
the AFM images. Previously, we identified two different stable surface terminations: (1) the 
MA-terminated flat surface based on a full octahedra layer (MABr-flat) and (2) the surface 
composed of distorted PbBr2 tetrahedra and vacancies with a half octahedra layer height 
(PbBr2-vacant). Moreover, we demonstrated that even in the dark and low-humidity conditions, 
the most energetically stable MABr-flat surface can degrade into the thermodynamically 
preferred PbBr2-vacant surfaces.23 Now, based on height profiles, both MABr-flat and PbBr2-
vacant configurations schematically shown in Figures 1(d) and (e) can be utilized to explain 
the step height profiles in the AFM images. Based on covalent radii of the elements constituting 
the surfaces, we can estimate the height of PbBr2-vacant surface as ≈ 0.35 nm with respect to 
the adjacent to MABr-flat surface. On the other hand, the height of the MABr-flat surface with 
respect to the bottom PbBr2-vacant surface would be only ≈ 0.23 nm. Namely, according to the 
experimental step height profile shown in Figure 1(c), we can assign the left high-friction and 
right low-friction domains to the MABr-flat and PbBr2-vacant surfaces, respectively 
(configurations in Figures 1(d) and (e)). DFT calculations of frictions of MABr-flat and PbBr2-
vacant surfaces will confirm this assignment later.   
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Figure 2. Contact-mode (a) topography and (b) lateral force AFM images of the 
inhomogeneous surface after cleavage of the MAPbBr3 single crystal. In (b), dark areas 
correspond to lower friction regions, light areas to higher friction. (c) Lateral force (top) and 
topography (bottom) profiles from the red and blue lines in (a) and (b), respectively. The inset 
shows the height distribution from (a); the average height difference between the higher islands 
and the underlying terrace is ≈ 4 Å. (d) Load-dependent friction measured at the higher friction 
surface (i.e., lighter area in (b)). The data were fitted to the DMT and JKR elastic contact 
models; the DMT model provides a better fit. 
In addition to the large terrace (either high-friction MABr-flat or low-friction PbBr2-
vacant surface) domains, we observed another area in which the low- and high-friction domains 
coexist and were randomly distributed as islands (see Figure 2(a)). We can hypothesize the 
creation of the two domains as following: the MABr-flat and PbBr2-vacant domains are created 
randomly when cleaved and immediately form terraces around the step edges, but when the 
size of the terrace exceeds the diffusion length of the randomly dispersed domain fragments at 
room temperature, the domains agglomerate and form the disordered islands shown in Figure 
2(a). Indeed, we mostly observed the disordered islands feature when the size of the terrace 
exceeded ≈ 1 µm (see Figure S1 for an example). It is worth noting that the formation of 
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consistent with the surface morphology of as-cleaved oxide perovskite single crystals without 
strongly preferred cleavage planes.37–39 Figures 2(a) and (b) show images of the topography 
and lateral force (trace), respectively, that were obtained simultaneously. The line profile along 
the red and blue lines in the topography and lateral force images, respectively, are shown in 
Figure 2(c). In the height profile, we find the coexistence of 4 Å and 6 Å step heights; the 4 Å 
domain matches the area with lower friction, as indicated by the blue box in Figure 2(c). The 
slight offset between the lateral force scans in the trace and retrace directions originates from 
cantilever bending. Comparing the topography and friction images (i.e., Figures 2(a) and (b), 
respectively), we find that most, but not all, of the low-friction domains reside on the islands. 
This tendency can be explained by the higher density of the low-coordinated sites on the small 
islands preferentially creating the vacant structure (PbBr2-vacant) at the step edges or on the 
islands, which can then reconstruct to form the low-friction domain. As a result, most of the 
low-friction domains are created on the islands, resulting in the average height of 4.0 Å for the 
islands, as shown in the height histogram (see the inset of Figure 2(c)). 
We studied the mechanical characteristics of the surface domains using friction 
measurements as a function of load. Unfortunately, we could not differentiate the high-friction 
(6 Å) domain from the low-friction (4 Å) counterpart in the load-dependent friction 
measurements, mostly because the low-friction domain was easily damaged by the high load 
measurements. Figure 2(d) shows the load-dependent friction characteristics at the terrace with 
Johnson–Kendall–Roberts (JKR) and Derjaguin–Muller–Toporov (DMT) fittings with the 
adhesion force as a free parameter.40–42,24 The continuum mechanical theory can be used to 
describe the friction behavior. DMT and JKR models describe the two extreme cases of elastic 
contact, namely the rigid and poorly adhesive contact, and soft and highly adhesive contact, 
respectively. From the fitting, it is clear that the DMT fit complements the experimental data. 
The pull-off force, Lc, is –2.9 nN. Using BC = −2EFG, where R is the tip radius and γ is the 
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work of adhesion, from the DMT approximation, we find that γ = 46 mJ/m2. Often the 
inclination to either the DMT or JKR model is predicted by an empirical nondimensional 
parameter, the so-called Tabor parameter H = I
(JKLM
NOMPQ
RS  where, z0 is the equilibrium spacing of 














, where E1 and E2 are their Young’s moduli and ν1 and ν2 are the Poisson 
ratios of the two respective materials in contact. One can expect the JKR model to accurately 
approximate the contact mechanism when τ >5, while DMT is expected to be accurate when τ 
< 0.1. The Tabor parameter in the current case was found to be 0.18, using the tip radius, R, of 
10 nm, z0 = 2 Å, Young’s moduli and Poisson ratios of MAPbBr3 to be 19.6 GPa and 0.29,43 
and of TiN to be 600 GPa and 0.25, respectively, indicating that DMT model would better 
approximate the AFM tip–MAPbBr3 contact. 
 



























Figure 4. Atomic geometries showing the topmost layer of the stable surface terminations and 
the lateral friction force calculation mechanism. (a) Different possibilities for the atomic 
structures to simulate a freshly cleaved surface. The surface heights of these terminations are 
comparable to those measured in the experimental topographic images. Light green indicates 
full octahedral together with the MA ligand, light red shows half octahedra (PbBr2), and the 
empty white space marks vacancies in the topmost layer inside the super cell boundary. (b) A 
schematic showing the setup for the lateral friction force calculations by sliding the tungsten 
tip over the perovskite surface along different paths. (c) Atomic-level first-principles friction 
results for the two most-stable surface terminations. The optimized structures of those stable 
MAPbBr3 perovskite (001) surface terminations are shown in the inset. 
We now discuss DFT calculation results and establish the correlations between atomic-
scale morphologies of different MAPbBr3 surface terminations and their frictions. We 






























































stable terminations with surface formation energies, ΔΩ, of −39.9 meV/Å2 (−29.3 meV/Å2) and 
−15.5 meV/Å2 (−9.1 meV/Å2), respectively, within the PBEsol32 (DFT-D333) exchange-
correlation functional level.23 Expanding our earlier work, we explored diverse MAPbBr3(001) 
surface models more systematically; we show in Figure 3 and Figure 4(a) the side views of the 
full-size models and the topmost surface compositions respectively (see Table S1 for lattice 
parameters). The calculated formation energy values of different MAPbBr3 surfaces in Table 
1 show that, starting from the energetically most stable MABr-flat surface, the creation of 
PbBr2 tetrahedra increase the surface energy by about 20 to 25 meV/Å2 per PbBr2 tetrahedron. 
Overall, we conclude that many different surface terminations can exist, composed of a mixture 
of MABr, PbBr2, and vacancy structural motives with comparable surface energies, which 
explains the experimental observation of different surface morphologies shown in Figures 1(a) 
and 2(a). 
Table 1. Stability of various MAPbBr3 (001) surfaces’ termination configurations shown in 
Figures 3 and 4(a). 
Surface Type 
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We next analyzed the lateral frictional behavior for the two most stable MABr-flat and 
PbBr2-vacant surfaces. Figure 4(b) depicts the atomistic model used for the friction 
calculations, in which a tip–surface layer sliding model was adopted.44,45 We slid the tungsten 
tip modeled as (001) bilayer along the paths I ([100] direction) and II ([010] direction), and as 
shown in Figure 4(c) obtained the average lateral forces of 2.73 and 1.05 meV/Å per atom for 
the stable MABr-flat and PbBr2-vacant surfaces, respectively. In both the force magnitudes 
along the individual sliding paths and their averages, we consistently found that the MABr-flat 
termination exhibits a larger lateral force compared with the PbBr2-vacant surface. We also 
compared the energy corrugation, lateral force, and shear strength H7 = |67/`| for the stable 
surfaces, and, as summarized in Table 2, they show similar trends as the lateral forces. We 
emphasize that, while the numerical values of the computed lateral forces cannot be 
quantitatively compared with the experimental values (because of various factors such as the 
unknown actual composition of different surface structural motives in measured samples), our 
calculated results are consistent with the experimental assignment of the MABr-flat and PbBr2-
vacant surfaces as the high- and low-friction surfaces, respectively (mapping of Figure 1(c) to 
the configuration of Figures 1(d) and (e)). The smaller lateral forces in the PbBr2-vacant can 
be understood in terms of several factors that include fewer atoms that establish contacts, the 
flexible nature of PbBr2 tetrahedra with nearby vacancies, and the inert nature of the PbBr2 
species that will lead to very weak interactions with the tip. On the other hand, with the 
presence of organic MA groups at the interfaces could lead to stronger interactions with the tip 










Lateral Friction Force 
[meV/Å per atom] 
Shear Strenth 
[GPa] 
Path Ⅰ Path Ⅱ Average Path Ⅰ Path Ⅱ Average Path Ⅰ Path Ⅱ Average 
MABr 5.24 2.93 4.08 2.94 2.52 2.73 2.14 1.83 1.98 




Figure 5. (a) AFM topography (top), lateral force (middle), and conductance (bottom) images 
obtained simultaneously at a sample bias of +1.5 V. The conductance image goes from −80 pA 
to 70 pA. (b) The density of states for the different surface terminations of MAPBr3. The top 
four DOS (green) indicate the surfaces that contain complete octahedra (MABr-flat), while the 
bottom four (red) mark the surfaces which have only half octahedra and vacancies (PbBr2-
vacant). The valance band maximum is set to zero. 
In Figures 5(a) and (b), we analyzed the electronic structure of the surface domains of 
the MAPbBr3 crystal. Figure 5(a) shows the topography (top), lateral force (middle), and 






































topography and the lateral force images show different surface domains, similar to Figures 2(a) 
and (b). In Figure 5(c), we do not observe notable differences in the conductance image 
depending on the surface domains of MAPbBr3, indicating that the electronic structure does 
not significantly vary depending on the possible surface structures suggested in Figure 4(a). 
Indeed, as shown in Figure 5(b), the calculated density of states (DOS) reveal that the electronic 
states of MAPbBr3 do not change much with surface defects. The PBEsol level band gaps of 
the considered models are provided in Table 3. Because of the stable nature of MABr-flat, 
PbBr2-vacant, and other surface termination structures presented in Figure 4(a), their DOS do 
not exhibit midgap defect states and should enable a slow electron–hole recombination rate. 
Based on our results, we thus predict that any stable surface termination of MAPbBr3 
perovskite (Figure 4(a)) will be a suitable candidate to be included in high-performance and 
stable optical devices.  
Table 3. PBEsol level band gaps of different MAPbBr3 (001) surfaces terminations. 



































To conclude, we observed the formation of a stable MABr-flat terminated surface 
structure that is similar to its bulk structure with less-preferred full and partial PbBr2-terminated 
surface with PbBr2 vacancies (namely PbBr2-vacant termination) co-existing after cleavage of 
a MAPbBr3 single crystal in UHV. Energetically, the MABr-flat surface termination exhibits 
the lowest surface formation energy, but we show that a mixture of MABr, PbBr2, and PbBr2-
poor vacant surface terminations could coexist locally. Through DFT calculations and AFM 
topography and friction observations, we show distinctive terrace heights and friction contrast 
along the freshly cleaved surface that originated from different surface terminations. The 
MABr-flat termination exhibits a distinctively higher friction coefficient compared with the 
PbBr2-vacant termination with PbBr2 vacancies. The electronic structure of the MAPbBr3 
surfaces revealed no mid-gap states for all surface terminations considered herein, suggesting 
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